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The unimolecular dissociation of (CH,),C+OC,Hs ions (I) and their deuterated analogs, 
generated by ion-molecule reactions (IMR) in acetone-ethyl iodide mixtures was studied by 
tandem mass spectrometry methods. Two significant processes that yielded I ions were 
identified. The Fourier transform ion cyclotron resonance study showed that the reaction 
between ionized ethyl iodide and neutral acetone was the principal source of I. This process 
involved the formation of the stable mixed ionized dimer, [C,H,I’O = C(CH,),]+‘ (II), 
which dissociated by the loss of an I atom. Other important fragmentation pathways of II 
were the formation of C,H,I+‘, (CHs)&O+‘; and (CH&ZOI+ and the loss of CHsCHI: The 
major dissociation of I was the loss of C,H,. The activation energy for this reaction was 
determined by metastable ion appearance energy measurements to be - 55 kJ molI’ above 
the thermochemical minimum. The analysis of the metastable and collision-induced dissocia- 
tion of D-labeled I showed an unusual time-energy effect on the degree of H/D mixing, 
with the highest selectivity for the ethene loss [ pH(D)-atom shift] being observed for ions 
with the lowest internal energies. Collisional excitation could not produce significant H/D 
mixing among dissociating ions. The results were rationalized by the existence of two species 
-the classical (2-ethoxypropyl) and nonclassical (proton-bound acetone-ethene pair) iso- 
mers of I. The classical structure was originally formed by IMR or from II. The energy barrier 
for the classical to nonclassical isomerization lay well above the thermochemical threshold 
for C,H, loss, providing only limited H-atom mixing in nonclassical ions that were always 
formed in their dissociative state. The effect of the proton affinity of the carbonyl compound 
on the H/D mixing in RR’C+OC,H, ions was studied. It was shown that the selectivity for 
the ethene loss ( P-H-atom shift) generally increased with the increase of the proton affinity 
of RR’CO. Neutralization-reionization mass spectrometry was applied to a study of 
(CH,),C+OR ions, where R=H, I, C,H,. The observation of a recovery signal for the ion I 
was attributed to the formation of the 2-ethoxypropyl radical. Neutral counterparts of 
(CH&COI+ ions were also generated, being the first example of IO-substituted alkyl 
radicals. (J Am Sot Mass Spectrom 1997, 8, 327-336) 0 1997 American Society for Mass 
Spectrometry 
A variety of ethyl-containing oxonium ions or ethoxyalkyl cations have shown hydrogen atom mixing within the ethyl group [l-5]. These 
results have been explained by the presence of the 
nonclassical ethyl cation stabilized by a neutral 
molecule, and this type of structure was also proposed 
for some oxonium ions. For example, the dissociation 
behavior of protonated ethanol requires participation 
of its isomer, the water-ethene proton-bound pair [l]. 
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High level theoretical calculations predicted both 
species as stable C,H,O+ structures [6] separated from 
each other by a barrier of - 53 kJ mol-‘. Unlike the 
C,H,O+ system and protonated diethyl ether [5], the 
classical form of the triethyloxonium ion did not 
rearrange to the nonclassical isomer (C,H,),O ... 
H+ . . . C,H, [2]. H-atom mixing in these ions, pro- 
duced by ion-molecule reactions (IMR) in a diethyl 
ether-ethyl iodide mixture, was found only in the 
ethyl group originating from the iodide. This observa- 
tion was attributed to specific H/D mixing in the 
intermediate produced by the addition of (C,H,),O+H 
to C,H,I. 
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Onium ions of some carbonyl compounds, alkyl- 
OC+RR’, have been characterized by mass spectral 
methods [3, 4, 71. Bowen and Derrick 131 studied the 
metastable dissociation of (CH,),C+OC,H, (I) and 
C2HsC+HOC2HS and their deuterium labeled 
analogs. For ethylated acetone, the formation of a 
stable nonclassical proton-bound species 
(CH,),C=O... H+ . ..C.H, (Ia, Structure 1) was pos- 
tulated to explain the observed (partial) H-atom mix- 
ing [3]. The authors proposed that this ion-neutral 
complex was separated from the classical isomer (Ib, 
Structure 1) by a high energy barrier and directly 
connected to the dissociation products (CH,),C+OH 
+ C,H,. Only ions produced by the dissociative ion- 
ization of C,H,(CH,),COC,H, in the ion source were 
examined and no time or energy effect on the degree 
of H-atom mixing was analyzed. 
The aim of the present work was to investigate in 
more detail the mechanism of the dissociation of such 
ethylated ketones. For this purpose, ion I generated by 
ion-molecule reactions and unimolecular dissociation 
and having different internal energy ranges was exam- 
ined. Fourier transform-ion cyclotron resonance (m- 
ICR) spectroscopy was applied to identify IMR and 
tandem mass spectrometry methods were employed to 
study ion fragmentations. The effect of the alkyl sub- 
stituent at the carbonyl group on the extent of H-atom 
mixing was also studied. 
Experimental 
Deuterated ethyl iodides were purchased from C/D/N 
Isotopes (Dorval, Quebec, Canada), CH,‘3CH,l was 
purchased from Cambridge Isotope Labs (Andover, 
MA), and ferf-butylmethyl ether was purchased from 
Aldrich Chemical Co. (Milwaukee, WI). 
Ions of interest were produced by ion-molecule 
reactions in mixtures of ionized vapors of acetone with 
C,H,Br, C,H,l, or their labeled derivatives in a 
Fourier transform-ion cyclotron resonance spectrome- 
ter (FTMS-2000 or FTMS-2001, Waters-Extrel, Madison, 
WI) operating at 3 T with a standard dual-trap con- 
figuration or in the chemical ionization source of a 
modified VG Analytical (Manchester, UK) ZAB-2F 
mass spectrometer having BEE geometry. To produce 
C,H,OC+(CH,), ions or their labeled analogs in the 
ZAB-2F mass spectrometer, mixtures of the appropri- 
ate ethyl iodide (bromide) and acetone were intro- 
duced into the chemical ionization ion source to a total 
pressure (measured by an ion gauge) of 0.8-1.0 x 10P4 
la lb 
Structure 1 
torr. To increase the yield of ion-molecule reaction 
products the repeller voltage was adjusted to approxi- 
mately zero. 
Metastable ion (MI), collision induced dissociation 
(CID), collision-induced dissociative ionization (CIDI), 
and neutralization-reionization (NR) mass spectra 
were recorded by using the ZABCAT program [8]. All 
data listed in the tables are an average of at least 10 
measurements. Oxygen, helium, and air were used for 
the collisional activation of ion-source-generated and 
metastably produced ions. In a typical CID experi- 
ment, the pressure of collision gas reduced the main 
beam by - 15% 185% transmission CT)]. In the 
MS/MS/MS experiments, ions formed in the second 
field-free region (2-FIX) by the metastable dissociation 
of mass selected precursor ions (namely, mixed ion- 
ized ethyl iodide-acetone dimers) were transmitted 
into the 3-FFR and then collisionally activated. The 
pressure of the collision gas in the 3-FFR was adjusted 
to provide 70% transmission of the main ion beam. To 
separate the metastable and collision-induced dissocia- 
tion of ions, a potential of -200 to - 500 V was 
applied to the collision cell. 
In the NR experiments, Me,NH and 0, were used 
for neutralization and reionization, respectively. Their 
pressures were adjusted to give main beam transmis- 
sion of 50 and 70%, respectively. In the CID1 experi- 
ments He was used for the collisional activation of 
ions (85% T) and oxygen for the collisional ionization 
of the neutral products of their dissociation (70% T). 
Kinetic energy release (KER) measurements were 
performed on the same mass spectrometer at sufficient 
energy resolution to reduce the main ion beam width 
at half height to 3 V. The KER values were calculated 
from the half-height widths of the metastable peaks by 
using established methods. The reproducibility of T,,s 
values was better than 10%. 
Appearance energy (AE) measurements were per- 
formed on the AEI MS9 mass spectrometer by the 
method described elsewhere [9]. The AE of CH,CO+ 
ions generated from metastable molecular ions of 
methyl acetate (AE = 10.94 eV [9bl) was used as a 
standard. 
Experimental control and data interpretation in FT- 
ICR experiments were accomplished by use of Extrel 
Odyssey software running on a Sun Microsystem 
(Mountain View, CA) computer station. Samples were 
leaked into the high pressure source cell chamber of 
the FTMS-2000 through 50-pm gold leaks to a total 
pressure of N 5 x lo-’ torr. For the FTMS-2001, the 
neutral reagent was introduced by use of a variable 
leak valve to a constant pressure of 3.5 x 10m7 torr and 
the reagent ions were generated from pulsed gaseous 
samples at a pressure of 1 X 10P6 torr. Reagent ions 
were formed with low energy electron impact between 
9 and 12 eV for 20 ms. Ions were collisionally cooled 
before stored waveform inverse Fourier transform 
(SWIFT) [lo] excitation was used to isolate ions of 
interest. Ions reacted with the neutral gas for up to 10 
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s. If secondary ions were observed and were believed 
to generate the product ion, those ions were ejected in 
a quasicontinuous method composed of repeated 
SWIFT ejections and short reaction delays to yield the 
total desired reaction time. Twenty coadded direct- 
mode digitized time-domain transients of 64K data 
points each were acquired. The data were padded with 
an equal number of zeros prior to Fourier transforma- 
tion. 
Results and Discussion 
Formation of c2 H,OC + m?,), Ioons (1) 
To study ion formation most of the experiments were 
performed with C,H,OC+(CH,), ions and their 
deuterated analogs produced by ion-molecule reac- 
tions in the mixed ionized vapors of acetone and ethyl 
iodide or labeled C,H,I. This approach, by using ethyl 
iodide as a reactant, has been successfully employed to 
generate a variety of onium ions in the gas phase [2,5, 
11, 121. 
Reactions l-5 were potential sources for ion I in the 
acetone-ethyl iodide system and all the expected reac- 
tant ions were present in the CI ion source of the 
tandem mass spectrometer: 
C,H,I+‘+(CH,),C=O + C2H,0C+(CH3)2 + I’ 
AH, = -133kJmoll’ (1) 
C,H,IH++(CH,),C=O + C2Hs0C+(CH& + IH 
AH, = -104kJmol-’ (2) 
(CH,),C=O+‘ + C,H,I + C,H,OC+(CH,), + I’ 
AH, = - 168 kJ mol-’ (3) 
(CH&+OH + C,H,I + C,H,OC+(CH,), + IH 
AH, = -2OkJmoll’ (4) 
(C,H&+ + (CH,),C=O + C,H,OC+ (CH,), 
+ C,H,I 
AH, = -74kJmoll’ (5) 
C2HsJH++(CH,),C=0 -+ HOC+(CH,l, + C,H,I 
AH,= -87kJmoll’ (6) 
Reactions 1 and 3 involved the molecular ions of ethyl 
iodide and acetone, respectively. The corresponding 
protonated molecules may also produce the 
C,H,OC+(CH,), ion. (C,Hs&I+ was another possible 
source for this species, reaction 5. All these reactions 
were exothermic and therefore possible sources for 
ethylated acetone. (AHf[(CH,),C+OC,H,] = 435 kJ 
mol-’ was determined from the appearance energy of 
the I ion in the electron ionization (EI) mass spectrum 
of (CH,),COC,H, [13]. This value was used in our 
calculations because all mass spectral characteristics 
[KER, CID, and NR mass spectra] of this species were 
indistinguishable from those for ions produced in ethyl 
iodide-acetone mixtures.) To determine which reac- 
tions were responsible for the formation of this ion, 
reactions 1, 3, 4, and 5 were examined in the FT-ICR 
mass spectrometer. The ions of interest were isolated 
and their reaction products were monitored at differ- 
ent reaction times (see Experimental for details). 
Only two of the foregoing reactions (1 and 4) were 
unequivocally identified as a source of ethylated ace- 
tone. In the experiments with isolated molecular ions 
of ethyl iodide, three major ion-molecule reaction 
products were formed. One of them was (C2Hs&If, 
an ion that had been observed in the ionized vapors of 
“pure” ethyl iodide [ll, 141. The second and most 
abundant process was reaction 1, involving the trans- 
fer of an ethyl group from the ionized ethyl iodide to 
neutral acetone. The importance of this reaction in- 
creased gradually with increasing reaction time. 
In the experiments with C,H,I+’ ions, protonated 
acetone [(CH,),C+OH] was also detected. These ions 
were abundant at relatively short reaction times, but 
disappeared entirely after = 1 s. Their most likely 
origin is the unimolecular fragmentation of I; these 
ions formed by reaction 1 possess internal energy in 
excess of their dissociation limit for C,H, loss (see 
subsequent text). At longer reaction times collisional 
cooling of I takes place, reducing the yield of 
(CH,),C+OH. The second factor responsible for the 
disappearance of protonated acetone was reaction with 
neutral ethyl iodide. This process was clearly identi- 
fied by experiments with isolated (CH&+OH ions, 
reaction 4. A high yield of ion I was observed after 
short reaction times - 0.1 s, confirming the signifi- 
cance of reaction 4 in the disappearance of 
(CH&C+OH produced from ethylated acetone ions 
under the ICR conditions. Reaction 4, being a sec- 
ondary IMR, was probably insignificant in the tandem 
mass spectrometry experiments, but cannot be ex- 
cluded completely from consideration. 
Reactions 2 and 3 could not be studied accurately. 
For reaction 2, a sufficient yield of C,HsI+H ions 
could not be produced. This ion had been observed in 
ICR experiments with pure ethyl iodide [ll]. In the 
experiments with C,H,I-acetone mixtures, the facile 
reaction of C,H,I’H with neutral acetone (reaction 6) 
likely occurred. This process is exothermic and may 
involve the formation of an (intermediate) adduct, but 
which was not observed in either the CI or ICR condi- 
tions. The structure of this adduct ion would corre- 
spond to a proton-bound dimer with the proton prefer- 
entially associated with acetone. 
Ions I were observed in experiments involving the 
isolation of acetone molecular ions and a (fast) self- 
protonation of acetone also took place. The intensity of 
the signal corresponding to (CH,),C=O+’ ions was 
essentially unchanged at reaction times 0.2-1.2 s, 
whereas the abundance of the (CH,),C+OH ion di- 
minished gradually as the yield of I increased. These 
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results showed that molecular ions of acetone were an 
unlikely precursor for I, whereas protonated acetone 
played an important role in the generation of this 
species (reaction 4). The absence or very low yield of 
reaction 3 is consistent with the thermochemistry; the 
ionization energy of acetone being higher than that of 
ethyl iodide (9.71 and 9.35 eV, respectively [ 151) makes 
charge transfer followed by separation to C,H,I+ and 
neutral acetone more efficient than ethyl group (cation) 
migration from one heteroatom to the other. 
The migration of an ethyl group from (C,H,),I+ 
ion to neutral acetone did not take place in spite of the 
exothermicity of reaction 5. The nonobservation of 
ethyl cation migration in reactions 2 and 5 can be 
explained in terms of the electronic structure of the 
iodonium ions, where the charge is predominantly 
localized on the halogen atom; a significant amount of 
energy should be required for the intermolecular 
charge (electron) transfer and the formation of C,Hi-IR 
(R=H, C,Hs) type species. These iodonium ions did 
not dissociate metastably to form C,Hl [ll, 121; at 
these low internal energies they may be unable to 
participate in reactions 2 and 5. 
EthyI Iodide-Acetone Ionized Dimer (II) 
The ion [C,HsI’O=C(CH,),l+’ (II) was observed in 
the chemical ionization (CI) source of the tandem mass 
spectrometer at a nominal pressure of N 10W4 torr. Its 
intensity was only a few percent of that of ion I. This 
low yield of the adduct ion was a probable reason for 
its nonobservation in the ICR experiments. Reaction 
between ionized ethyl iodide and neutral acetone is 
the likely source of this species; the alternative process, 
involving ionized acetone and neutral ethyl iodide, 
would result in charge transfer rather than in the 
formation of stable adduct ions: 
K,H,I’O-C(CH,),l +’ + C,HsOC+(CH3)2 + I’ 
xAH, = - 133 kJ mol-’ - E, (7) 
+ IOC+(CH,), + C,H; 
AH, = 121 kJ mol-’ - E, (8) 
+ C,H,I+‘+ (CH,),CO 
AH, = 0 kJ mol-’ - E, (9) 
--) (CH,),C-Of’+ C,H,I 
AH, = 35 kJ mol-’ - E, (10) 
+ (CH,),C+OH + CH,CHI’ 
AH, = 12 kJ mol-’ - E, (11) 
(The heat of formation of the CH,C ‘HI radical was 
estimated from the effect of iodine atom substitution 
( + 197 kJ mol-‘) in neutral molecules [ 151 and radicals 
[161X 
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The formation of ion II as the intermediate in reac- 
tion 1 was confirmed by its fragmentation to I, reaction 
7. Iodine atom loss was the only metastable reaction of 
the mixed ionized dimer and the most abundant colli- 
sion-induced dissociation. The yields of I ions pro- 
duced by reaction 7 [in this and following reactions, E, 
is the binding energy of the adduct (reaction 9>] were 
sufficiently high for further collisional activation exper- 
iments to study the H/D distribution in deuterated 
species. The KER accompanying I atom loss from II 
(T,,s = 4.3 kJ) was comparable with KERs for the loss 
of an I atom from other ethyl iodide-containing adduct 
ions [2, 11, 121 and can be ascribed to the high exother- 
micity of the dissociation. 
The collisional activation of II (Figure 1) gave rise to 
three other important dissociation products-reactions 
8-10. The formation of ionized ethyl iodide was a 
simple dissociation to the reactants, whereas the disso- 
ciation to ionized acetone (reaction 10) required charge 
transfer within the adduct. Reactions 9 and 10 were 
clearly identified by the presence of CDsCH21f’ and 
(CH,),CO+’ ions in the collision-induced dissocia- 
tive ionization (CID11 mass spectra of [CD&H,1 ’ 
(CH,),COl+’ (Figure 2). 
The loss of the ethyl group resulted in the 
[(CH,),COI]+ ion. The heat of formation of this species 
calculated by the modified neglect of differential over- 
lap method was 678 kJ mol-‘. According to these 
calculations, this ion has a structure similar to that of 
protonated acetone with the iodine atom attached to 
oxygen and carrying most of the positive charge. 
Ions corresponding to protonated acetone were pre- 
sent in the CID mass spectrum of II. They might 
originate from a secondary reaction, the loss of C,H, 
from I, and/or by the direct loss of a [C,, H,, I] 
radical from the mixed ionized dimer. To identify the 
latter process, the CID1 mass spectra of dimer ions 
having a labeled ethyl iodide CD,CH,I or CH,CD,I 
(Figure 2) were recorded. They exhibited peaks for 
CD&HI+ and CH,CDI+, respectively, indicating that 
reaction 10 indeed took place and that the l-iodoethyl 
CD,CH,P 
Figure 1. CID mass spectrum of the mixed ionized dimer 
[CD,CH,I .o-c(cH,),]+: 
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Figure 2. CID1 mass spectrum of [CH,CD,I . O=C(CH,),l+’ 
ions. 
radical was lost. (Note that the collisional ionization of 
C,H,I, e.g., that formed from [C,H,I]l’ ions, showed 
only a weak peak for C2H41+ ions. Thus, the observa- 
tion of this species in the CID1 mass spectrum of 
[C,H,I’O=C(CH,),l+’ could be accounted for only 
by the ionization of the corresponding radical, 
CH ,CHI :) 
All other ions formed upon the collisional activation 
of II can be considered as secondary products in that 
they originated from the foregoing four ions (e.g., 
C,H,I+’ ions gave rise to CHzI+, I+, and C,Hl; the 
latter ion can also originate from I). 
The heat of formation of ion II is unknown, but it 
must be lower than the sum of the AH, values for 
reactants C,HsI+’ and O=C(CH,), by the binding 
energy E,; see reactions 7-11. 
The energy barrier for the formation of ion II and 
for the reverse process reaction 9 also have not been 
determined. The KER accompanying the collisionally 
activated reaction 9, was N 2.1 kJ. This value is higher 
than that for the formation of C,H,I+’ ions from other 
(metastable or collisionally activated) ionized dimers. 
For example, T,,5 = 1.2 and 0.6 kJ have been observed 
for [C,H,Il:’ 1111 and [C,HSI’O(C2H5)zl+’ [31, re- 
spectively. The binding energy between C2HsIf’ and 
acetone, diethyl ether, and ethyl iodide is unknown, 
but D[CH,I+‘-CH,Il has been determined as 96-109 
kJ mol-’ 1171. The latter species showed a very small 
KER in its dissociation, T,,, = 0.4 kJ. Although there is 
no simple correlation between T0,5 values and (re- 
verse) activation energies it is reasonable that reaction 
9 will have an exothermicity of up to 80 kJ mol-‘. 
Thermochemistry of C, H5 OC + (CH, j2 
The heat of formation of ion I, 435 kJ mol-‘, has been 
determined from its appearance energy in the EI mass 
spectrum of C,H,OC(CHs)a [13]. Our measurements 
for the same dissociation gave AE = 9.31 eV, which 
was within experimental error of the earlier value of 
9.24 eV; the small difference could also result from the 
latter being obtained for significantly longer-lived ions 
1181. 
The AE of HOC+(CH& ions produced by the 
metastable dissociation of I was measured as 10.85 f 
0.1 eV and so the activation energy for the loss of 
C,H, was 150 f 5 kJ mol-‘. This should be regarded 
as an upper limit for the energy as the dissociation 
may be subject to a kinetic shift. The measured barrier 
to the formation of (CH,),C+OH lies N 40 kJ mol-’ 
above the thermochemical minimum for the dissocia- 
tion (542 kJ mol-‘; AHHf”[C,H,] = 52 kJ mol-‘; 
AH,“[(CH,),C+OH] = 490 kJ mol-‘1. Thus an energy 
barrier for the reverse reaction is likely present in spite 
of the fairly small kinetic energy release (see subse- 
quent text) accompanying the dissociation. Note also 
that the energy barrier for the C,H, loss must be 
higher than the energy involved in the formation of I 
by ion-molecule reactions, in keeping with the ab- 
sence of the (CH,),C+OH ion in the MI mass spec- 
trum of the mixed ionized dimer. 
Metastable Ion and Collision Induced Dissociation 
Muss Spectra of I 
The MI mass spectrum of I showed only one peak, 
corresponding to the loss of CzH,: 
C,H,0C+(CH3)z + (CH&+OH + C,H, 
AH, = 107 kJ mol-’ (12) 
Neither the minor C,H, or H,O losses reported by 
Bowen and Derrick [31 was observed in our MI experi- 
ments. Loss of H,O was also absent in the CID mass 
spectra of I originating from (CH,)aOCzH, or 
C,H,I-acetone mixtures. It is likely that two mecha- 
nisms for C,H; loss were involved in the formation of 
m/z 87 ions from ionized C,H,(CH,),OC,H, [3] and 
so more than one fragment ion structure was gener- 
ated in the earlier work. One reaction resulted in ion I 
and the other-a minor process-produced an uniden- 
tified isomer having an HO group that may easily 
dissociate by the loss of H,O. CID mass spectra of I 
ions were not reported by Bowen and Derrick [31. 
The KER for the loss of C2H, from I (Ts,s = 1.5 kJ> 
was consistent with that reported in ref 3, but is 
associated with a significant reverse activation barrier 
of - 40 kJ mol-‘. Such small energy partitioning into 
translational degrees of freedom is found with other 
C,H, losses involving ion-molecule complexes, where 
in the transition state the product species are only 
loosely coupled [19]. 
The ethene loss from I was a collisionally sensitive 
process and the abundance of (CH&+OH ions in- 
creased gradually when more collision gas was admit- 
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ted to the collision cell. This reaction was the most 
abundant collision-induced dissociation. The CID mass 
spectrum of ion I is shown in Figure 3. In addition to 
C,H, loss, a number of other products were observed; 
the enthalpies of the corresponding reactions exceeded 
that for reaction 12 by more than 100 kJ mol-‘. The 
origin of some product ions was assigned by using 
isotopic labeling. It was demonstrated, for example, 
that minor H and CH; losses occurred from the 
“acetone” part of ion I. Ethyl radical loss resulted in 
(CH,), C=O+’ ions and the conjugate process gener- 
ated the C,Hl ion. The latter reaction was confirmed 
by the CID1 mass spectrum of neutral products from 
collisionally excited I, which displayed a peak at m/z 
58 resulting from neutral acetone. The observation of 
many other fragments in the CID mass spectrum 
(CH,COCHl, C2H30+, C2H20+‘, C,Hz, etc.) easily 
could be attributed to the secondary dissociations 
of (CH,),C+OH [3, 201 and (CH,),C=O+’ [20]; the 
minor fragment at m/z 45 was not present in the 
CID mass spectra of these fragment ions. In the CID 
mass spectra of deuterated analogs of ion I and 
CH,‘3CH,0C+(CH31, the m/z 45 peak [C,, H,, O]+ 
was shifted to higher masses: it appeared at m/z 48 
and 49 in the CID mass spectra of (CH3),CfOCH,CD, 
and (CH,l,C’OC,D,, respectively, and at m/z 46 in 
the CID mass spectra of (CH,),C+OCD,CH, and the 
13C analog. These results indicated that the H atoms of 
the ethyl group, excluding one from the methylene 
group, remained in the ion and its structure is there- 
fore likely to be protonated acetaldehyde. Scheme I 
represents this transformation. 
“2% +/” 




(CH312CfOCD2CH3. These results indicated that the 
selective pH(D)-atom migration from the ethyl group 
(to the oxygen atom) that preceded the loss of ethene 
was followed by loss of CH,. In the latter, only H 
atoms from the “acetone” part were involved. The 
structure of these [C,, H,, D, O]+ ions is proposed to 
be the 1-hydroxyvinyl cation CH2=CO(H,D)+, an 
ion that has been characterized with difficulty [21]. 
The Mechanism of C, H4 Loss from Ion 1 
The CID experiments with D-labeled ions I demon- 
strated the formation of two [C,, H,, O]+ isomers. The 
acetyl cation CH,CO+ is a common dissociation prod- 
uct of (CH,),C-O+’ and (CH,),C+OH. Its position on 
the mass scale was not affected by the presence of D 
atoms in the ethyl group. However, in addition to a 
peak at m/z 43, the CID mass spectra of 
(CH3)2C+OCH2CD3 and (CH312C+OC2D5 ions 
showed a significant peak at m/z 44, which was not 
found in the CID mass spectrum of 
The MI mass spectrum of CD,CH,OC+(CH,), origi- 
nating from CD,CH,OC(CH,),C,H~’ was reported in 
ref 3. The observation of 5% C,HD, loss was at- 
tributed to partial H/D-atom mixing within the ethyl 
group and involved the formation of the nonclassical 
structure Ia. This ion, the hydrogen-bridged 
ethene-acetone pair, was considered by the authors [3] 
as the intermediate for the loss of C,H, from the 
classical isomer Ib. According to their energy diagram, 
the ion Ia occupied a well on the potential energy 
surface directly connected to the dissociation products 
(CH,),C+OH and C,H,, but was separated from the 
classical structure by a significant (energy-unknown) 
barrier. The energy for the Ib * Ia isomerization was 
arbitrarily chosen as 170 kJ mol-’ above Ib, but no 
experimental data or other arguments were provided 
in support of this value; ion Ia also occupied a well of 
unspecified depth. 
To help understand the mechanism of C,H, loss 
from ion I, we examined the deuterium content in 
(CH,),C+OfH,D) ions originating from various pre- 
cursors at different times and internal energies. The 
results are shown in Table 1. 
The MI mass spectra of CD,CH@+(CH,), ions 
produced by ion-molecule reactions were similar to 
those of ions originating from (CH,),(C,H,)OCH,CD, 
[3], showing C,H,D, and C,HD, as the major and 
minor ethene losses, respectively. This observation 
again shows that the same structure or mixture of 
structures for this specifically labeled ion was gener- 








. . - 
Figure 3. CID mass spectrum of CH,CD,OC+(CH,), ions. 
The MI mass spectra of CD,CH,0Cf(CH312 ions 
recorded in the second and third field-free regions 
were indistinguishable. For the ions dissociating in the 
l-FFR, the abundance of the H-atom migration was a 
little, but significantly higher than that for their 
longer-lived analogs. Similar results were observed for 
CH,CD,OC+(CH,), ions for which the D-atom shift 
was relatively more abundant at shorter lifetimes and 
higher internal energies. 
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Table 1. Deuterium distribution in protonated acetone formed from various labeled precursor ions 
IO'-' Type of experiment (CH,),C+OD (CH,),C+OH 
CH,CD,OC+(CH,), 1 -FFR MI 7 93 
2-FFR MI 4a 96a 
3-FFR MI 4 96 
2-FFR CIDbcC 9 91 
2-FFR CIDb,d 14e 86e 
MI/CA’ 11 89 
CD&H,OC+(CH,), 1 -FFR Ml 92 8 
2-FFR Ml 94 6 
3-FFR MI 94 6 
Mlg 95 5 
2-FFR CIDb,C 84 16 
P-FFR CIDb,d 74 26 
MI/CA’ 83 17 
CHD2CHDOC+(CH3)2 2-FFR Ml 50 50 
3-FFR Ml 50 50 
2-FFR CIDb 53 47 
MI/CID’ 58 42 
aTo,s = 1 .5 kJ. 
bCorrected for the contribution from metastable dissociation. 
‘The collision gas pressure was lower than that providing essentially single-collision conditions. 
dMulticollision conditions. 
eToos= 3.3 kJ. 
‘Collision induced dissociation of ions generated from metastable mixed ionized dimers. 
gFrom ref 3. 
The results for the collisionally excited 
CD$ZH,OC+(CH& and CH,CD,OC+(CH,I, ions are 
also shown in Table 1. The /3-H(D)-atom migration, 
associated with a simple mechanism for ethene loss, 
was still the principal reaction. For CD,CH,OC+- 
(CH,), ions the degree of H/D mixing, reflected by 
the [(CH,),C+OH]/[(CH,),C’ODl ion abundance ra- 
tio, was reproducibly higher than that for the 
metastable dissociation. The admission of target gas 
into the collision cell resulted in an increase of the ratio 
until single-collision conditions were achieved; further 
increasing the collision gas pressure only gradually 
raised the yield of the protonated and deuteronated 
acetone ions, but did not change their relative abun- 
dances. 
The CID of the deuterium-labeled I generated in the 
ion source and from the mixed ionized dimers in the 
2-FIR were similar, but not identical. At the same 
collision gas pressures, the degree of H/D mixing in 
the species from the ion source was always higher than 
for those produced from the metastable precursors. 
This can be related to the different average internal 
energy content in the ions made by the two methods. 
The species originating from the metastable dissocia- 
tion could not be further thermalized, whereas their 
analogs generated in the CI conditions underwent some 
stabilizing collisions. 
Before drawing conclusions on the mechanism and 
energetics of the ethene loss, two important experi- 
mental observations will be discussed. One is that the 
MI and CID mass spectra were independent of the 
pressure in the CI source of the tandem mass spec- 
trometer. This indicated that either reaction 1 was the 
dominant (yields of reactions 3 and 4 were insignifi- 
cant) if not the exclusive source for I ions or (much less 
likely) that the ions generated by different IMR were 
structurally indistinguishable. 
Second, the observation of H-atom mixing could be 
accounted for by a process taking place within the 
mixed ionized dimer. To examine this possibility, the 
CID mass spectrum of CD&H, I+’ ions generated from 
collisionally excited [(CH,),C=O 1.. ICH,CD,l+’ was 
recorded. The ions CHDI+ or CD,l+ were absent, 
indicating that all H and D atoms in the ethyl group 
had retained their original positions. Hence H/D ex- 
change in the dimer can be ruled out unless different 
(isolated) states (structures) were involved in the dis- 
sociations of II to C,H,I+’ and I. 
The further discussion of the mechanism of C,H, 
loss will be based on two simple assumptions. A 
formal S-H(D)-atom migration will be associated with 
the dissociation of the classical structure Ib and H/D- 
atom mixing requires that Ia can at least partially 
equilibrate with Ib. 
When positional H/D transfer occurs reversibly in 
an ion structure at energies below the ion’s dissocia- 
tion limit, partial or complete randomization of the 
involved H and D atoms is commonly observed. In- 
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creasing the observation time then leads to a greuter 
loss of positional identity, becoming statistical at the 
longest times. The C,HsO+Hz --) C,H, + H30+ sys- 
tem provides a good example [ 1 a]. 
The opposite behavior, with the least H/D mixing 
at the longest observation times, is exemplified by loss 
of ethene from C,H50CH,CDz’ ions [19]. This reac- 
tion had a high reverse energy barrier and a small 
concomitant kinetic energy release. The energy barrier 
was proposed to arise from the P-H(D) transfer, but 
the dissociating entity was viewed as an electrostati- 
cally bound complex between ethene and ionized phe- 
nol. The small kinetic energy release reflected a lack of 
coupling between the product moieties in the transi- 
tion state. 
Similar results were observed for (CH,),C+OC,H, 
ions and Figure 4 shows the proposed energy diagram. 
It is further proposed that ion Ia is not produced other 
than from Ib. 
In Figure 4, the energies of the reactant ions and the 
classical isomer Ib, the activation energy for the C,H, 
loss, and the energy of the reaction products were 
experimentally determined in this work or are from 
the literature. The stability of the mixed ionized dimer 
was unknown, but the barrier for the dissociation to 
the reactants must exceed that for the loss of an iodine 
atom by 2 50 kJ mol-‘, because this reaction does not 
compete with reaction 7 in the metastable time frame. 
A reasonable value for AH: [C,H,I-acetone]+’ is 
- 610 kJ mol-‘. No experiments have been performed 
to determine the stability of the nonclassical isomer Ia, 
but the (CH3&C=OH+ “.C,H, bond dissociation 
energy can be estimated from the proton affinities (PA) 
of ethene and acetone as - 63 kJ mol-’ by using the 
equation D(AH + - B) = 0.46[PA(B) - PA(A)] + (130 
f 8) from ref 22. This leads to A HP [(CH,), 
C=OH...C,H,] = 479 kJ mol-‘. 
The energy diagram explains adequately most of 
the experimental results. Only a small fraction of the 
classical ions, having internal energies close to the 
dissociation limit, can produce nonclassical ions of 
sufficient lifetime for H/D mixing to occur. It is possi- 
ble to increase slightly this amount by collisional exci- 
Figure 4. Energy diagram for the CH3CH20C+(CH3)2 ion for- 
mation and dissociation. 
tation of low energy Ib. For the same reason the CID 
mass spectra recorded for single and multiple collision 
conditions were indistinguishable. 
H / D-Mixing in Other C, H,OC +RR’ Ions 
An important factor in the fragmentation of ethylated 
acetone ions was the higher proton affinity of acetone 
(823 kJ mol-’ [15]) relative to that of ethene (682 kJ 
mol-’ [15]). As a result, most I ions dissociated by a 
single PH-atom transfer rather than isomerizing to the 
nonclassical structure followed by H-atom mixing. It 
could be expected that the ratio between hydrogen 
mixing and a simple H-atom shift in similar systems 
would be affected by the difference between the pro- 
ton affinities of ethene and the substrate. To evaluate 
this effect, ions of the general formula 
CD3CH20C+RR’ were generated by IMR in 
CD,CH,I-ketone or CD,CH,I-aldehyde mixtures and 
their MI and CID mass spectra were recorded (Table 
2). Some of these species have been studied previously 
and the results are also shown in Table 2. The proton 
affinities of the substrates varied in the range of 
628-858 kJ mol-‘. 
Relative abundances of H- and D-atom migration 
for the species losing ethene are listed in Table 2. 
Adequate results could not be obtained for most of the 
substrates having low proton affinities (< 730 kJ 
mall’). No CD,CH,OC+RR’ ions were observed for 
hexafluoroacetone and pyruvonitrile. In the latter case, 
nevertheless, a peak corresponding to the mixed ion- 
ized dimer was clearly identified. The MI and CID 
mass spectra of this species showed loss of the I atom, 
Table 2. MD+/MH+ ion ratios in the MI and CID mass 
spectra of MCH,CD: ions 
M PA (kJ molt ‘Ia MI CIDb 
CF,COCF, 628 C C 
CH,O 718 d d 
CF,COCH, 729 78:22 67:33 
CH,COCN 751 e 65:35’ 
CH,CHO 781 82:18: 90:10g 65:35 
C,H,CHO 793 87:13; 92:8h 76:24 
FCH,COCHB 803 95:5 79:21 
CH,COCH, 823 94:6; 95:5h 75:25 
C,H,COC,H, 843 91:9 87:13 
c-C,H,COCH, 858 94:6 87:13 
aFrom ref 15. 
bin most cases the results for the ion source generated (without 
the MI contribution) and metastably produced (from the mixed 
ionized dimers) species were indistinguishable within the experi- 
mental error. 
NO MtCH2CD, ions or the mixed io=ized dimer were found. 
The dissociation of C,H,D,O ions generated from 
C,H,OCH,CD, or by IMR in a CH,O/CD,CH,I mixture involved 
the mixing of all H and D atoms. 
eThe yield of [CH&OCN’CH,CD,l+ ions was insignificant to 
obtain the Ml and CID mass spectra. 
‘From the CID mass spectrum of the mlxed ionized dimer. 
gFrom ref 4. 
hFrom ref 3. 
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but the signal for CD,CH,OC+(CN)CH, ions was too 
weak (< 3% of the main peak corresponding to 
CD,CH,I” ions) to obtain a satisfactory CID mass 
spectrum. 
The unimolecular dissociation of ethylated 
formaldehyde was consistent with the previous studies 
[23], showing the formation of HOCH:. The MI and 
CID mass spectra of deuterium-labeled species, how- 
ever, demonstrated that mixing of all H and D atoms 
had preceded the fragmentation and so a nonclassical 
ion is important for this system. Moreover, the reaction 
proceeds without an energy barrier [24]. 
For the molecules with proton affinities higher than 
N 730 kJ mol-‘, two general effects were observed. 
The metastable dissociation of ions containing 
molecules with PA = 730-795 kJ mol-’ showed a 
steady increase in the D- versus H-atom migration. 
Further increase of the PA did not affect the 
[RR’C+OD]/[RR’C+OH] ratio, which was generally 
constant (h 95:5) within experimental error. 
Similar behavior was observed for the collisionally 
activated CDsCH20C+RR’ ions. The [RR’C+OH]/ 
[RR’C+OD] ion abundance ratio dropped from almost 
statistical (PA = 730-780 kJ mol-‘1 to a strongly fa- 
vored “simple” D-atom migration (PA = 780-825 kJ 
mol-‘) and then remained unchanged (PA > 845 kJ 
mall’). 
In summary, the proton affinity of the carbonyl 
compound in C,H,OC+RR’ ions affects the degree of 
the H-atom mixing in the ethyl group. The position of 
the energy barriers corresponding to the isomerization 
and the dissociation is very important for the uni- 
molecular dissociation behavior of these systems. 
Neutralization-Reionization of I and Related Ions 
The NR mass spectrum of ion-source-generated I is 
shown in Figure 5a. It closely resembled the CID1 mass 
spectrum (Figure 5b), which identifies the neutrals 
formed upon the metastable and collision-induced dis- 
sociation, for example, C,H,, C,H& (CH,),CO, and 
their corresponding fragments. In addition, the NR 
mass spectrum displayed a weak but significant recov- 
ery signal and a peak for protonated acetone. The 
presence of the recovery signal showed that the neutral 
counterpart of ion I was generated. With regard to the 
structure of the survivor ions, they must be the classi- 
cal isomer, namely, the 2-ethoxypropyl radical. 
The neutral equivalent of the nonclassical isomer would 
be a high energy (transition) state for an intramolecu- 
lar H-atom shift and would dissociate (compare, for 
example, with C,Hz/C,H; [25] and C,H,O’/ 
C,H70+ pairs [la, lb]). 
The observation of protonated acetone in the NR 
mass spectrum could result from the fragmentation of 
reionized I or the ionization of the neutral (CH,),C ‘OH 
radical originating from the dissociative neutralization 
of the nonclassical isomer Ia. However, we consider 
the presence of ion Ia to be unlikely. The NR mass 
a W-4’ 
CH,),CO+. 







Figure 5. (a) NR and (b) CID1 mass spectra of 
CH,CD,OC+(CH,), ions. 
spectrum of (CHs),C+OCH&Ds showed peaks at m/z 
59 and 60 corresponding to (CH,),C+OH and 
(CH&C+OD ions, respectively, in the ratio = 7~3. 
This ratio does not directly relate to the H/D mixing 
because the collisionally ionized (CH,),COD con- 
tributes to the intensity of the peak at m/z 59 (Figure 
6). 
The NR mass spectra of protonated and iodinated 
acetone were also recorded. The NR mass spectrum of 
(CH,),C+OD is shown in Figure 6. It displayed a 
strong recovery signal at m/z 60 corresponding to the 
formation of the 2-hydroxypropyl radical. Peaks at 
m/z 58 and 59 were due to the loss of a D or H atom 
and may represent ionized acetone and its enol, re- 
spectively. 
The NR mass spectrum of (CH,),C+OI (Figure 7) 
was dominated by I+ ions, These came from I atoms 




Figure 6. NR mass spectrum of (CH&C+OD ions. 






Figure 7. NR mass spectrum of (CH,),C+OI ions. 
sociation of the parent ions as well as from the frag- 
mentation of neutral (CH,),C ‘01. The stability of the 
latter species under these experimental conditions was 
indicated by the observation of a recovery signal (Fig- 
ure 7) and their most likely structure is the 2-iodo- 
xypropyl radical. Alkyl radicals having an IO sub- 
stituent group are unknown and so mass spectrometry 
experiments can provide a unique opportunity to gen- 
erate such species and to study their reactivity. 
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